The magnetic and electronic properties of La 4 Ni 3 O 8 are investigated by performing the full-potential linearized augmented plane wave method. The C-type antiferromagnetic spin ordering is preferred and a molecular correlated insulating state with high-spin Ni ions is found. Our results have proved that this insulating state is caused by a correlation effect and the strong interlayer interaction. Such strong interlayer coupling results from the high-spin occupation of Ni ions.
Introduction
Following the discovery of high-temperature superconductivity in the cuprates [1] , there have been intensive efforts to find this fascinating phenomenon in other transition-metal oxides, especially in the neighboring nickelates [2, 3] , for which the containing Ni + (3d 9 ) has a similar electronic configuration to Cu 2+ in the high-T c cuprates. Furthermore, theoretical studies [4] suggest that only nickelates with Ni + (S = 1/2) in a square-planar coordination can form an antiferromagnetic (AFM) insulator that could be doped with low-spin (S = 0) Ni 2+ holes in analogy with the high-T c cuprates. Hence, the possible high-T c superconductivity in nickelates involving Ni + in a square-planar coordination have motivated several studies of these materials [5, 6] .
The recently discovered nickelate La 4 Ni 3 O 8 [7] , containing the square-planar coordinated Ni ions, has become a focus of interest. La 4 [8, 9] reported that La 4 Ni 3 O 8 undergoes an AFM transition at T N = 105 K, from nuclear magnetic resonance measurements, and is an insulator below T N , from resistivity measurements. In addition, they also found that there are three Ni atoms per formula unit with the average valence of Ni +1.33 [10] . Therefore, the charge-ordered state (d 8 + 2d 9 ) should be suggested in simple ionic picture [8] . However, Pardo et al [11, 12] believed that La 4 Ni 3 O 8 is a molecular correlated insulator without charge order. They also indicated that the magnetic ground state is C-AFM (AFM within layers, ferromagnetism (FM) between layers) with a high-spin (M s = 1.33 µ B ) state of Ni (d 8.67 ) ions. In contrast, Sarkar et al [13] concluded that the A-AFM (FM within layers, AFM between layers) and FM configurations with the low-spin (M s = 0.67 µ B ) state of Ni (d 8.67 ) ions are magnetic ground states. However, the solutions for their magnetic ground states turn out to be metallic, which is in disagreement with experimental results. Obviously, the ground-state magnetic structure and the spin state of the Ni ion remain controversial. Moreover, the origin of the low-temperature insulating phase needs further investigations [11, 13] . In this study, we have performed first-principles calculations to elucidate the electronic structures and magnetic properties of La 4 Ni 3 O 8 . Our results indicate that the C-AFM spin ordering is the magnetic ground state. The Ni ions are in the high-spin state. Our results also show that La 4 Ni 3 O 8 is an insulator with molecular origin by GGA + U calculations. This insulating state is caused by the combined effects of the strong interlayer coupling and electronic correlation.
Computational details
Our calculations were performed using the standard fullpotential linearized augmented plane wave code WIEN2k [14] within density functional theory [15] . The lattice parameters and atomic position used in the calculations were taken from Poltavets et al [8] . The muffin-tin sphere radii were chosen as 2.35, 1.97 and 1.75 au for La, Ni and O, respectively. The cutoff parameter R mt K max was set to 7.0 and 400 k-points were used over the first Brillouin zone. Self-consistency was considered to be achieved when the total energy between succeeding iterations is less than 10 −5 Ry/unit cell. The generalized gradient approximation (GGA) by Perdew et al [16] was employed for the exchange-correlation potential. To properly describe the strong electron correlation associated with the Ni 3d states, the GGA + U method in the so-called 'fully localized limit' (FLL) [17] was used, where U eff = U-J (U and J are on-site Coulomb and exchange interaction, respectively) was used instead of U [18] . We noted that our test calculations using another GGA + U scheme called around the mean field (AMF) [19] , gave qualitatively the same results. The parameter U eff was set to 5 eV, but it was also adjusted so as to investigate the change in electronic states. To investigate the spin state of Ni ions, we carried out the configuration-state-constrained GGA + U (U = 5 eV) calculations, which allows us to access different spin and orbital configuration states of concern by initializing their corresponding density matrix. To clarify the magnetic ground state, √ 2 × √ 2 × 1 supercell calculations were performed for four possible spin configurations: C-AFM (AFM within layers, FM between layers), A-AFM (FM within layers, AFM between layers), G-AFM (AFM within layers and AFM between layers) and FM spin configurations.
Results and discussions
The relative energies of various spin configurations are summarized in table 1. Within GGA, both A-AFM and FM states have the lowest total energies, which are about 13 meV lower in energy than the C-AFM and G-AFM states. However, all the spin configurations exhibit metallic features which disagree with the insulating nature of La 4 Ni 3 O 8 . It is well known that the GGA method underestimates the electronic correlation effect. To include the electronic correlation effect, we carry out the GGA + U calculations. Within GGA + U, the G-AFM state converges to a high-energy metastable state, hence the G-AFM state is not list in table 1. Within GGA + U (U eff = 5 eV), the C-AFM state is the most stable state. The energies of A-AFM and FM states are about 40 meV higher than that of C-AFM state. Meanwhile, only the C-AFM state yields insulating solutions and provides an understanding of the observed insulating behavior of [11] .
Next, we focus on the spin state of Ni ions. For C-AFM ground state, the charge difference within muffin-tin sphere between Ni1 and Ni2 is about 0.06e, which is far less than the nominal ionicity difference of 1e. Also the magnetic moments for Ni1 and Ni2 are 1.44 and 1.29 µ B , respectively. Neither obtained moments can be ascribed to an S = 1/2 d 9 ion. Therefore, there is no symbol of charge order with d 8 + 2d 9 in La 4 Ni 3 O 8 . Our results show that the Ni ions are in the average valence of +1.33 (d 8.67 ), which leads to a high-spin Ni moment of 1.33 µ B , the corresponding low-spin moment being 0.67 µ B . As shown in table 1, the magnetic moments of Ni ions are about 0.8 µ B for the A-AFM and FM states, suggesting the low-spin state. While the magnetic moments of Ni ions are 1.44/1.29 µ B in the C-AFM ground state, suggesting the high-spin state. Moreover, we carry out a set of GGA + U calculations which are initialized by assuming both low-spin and high-spin states for the A-AFM, FM and C-AFM states, respectively. Our results show that the A-AFM and FM states always converge to the low-spin metallic states and the C-AFM state always converges to the high-spin insulating state. Hence, the high-spin state of C-AFM is the ground state.
To investigate the splitting of the Ni 3d orbitals in the NiO 4 square-planar crystal field, we carry out the GGA calculations. The total and partial density of states (DOS) obtained from the GGA scheme for the A-AFM state are shown in figure 2 . Normally in an approximate square-planar crystal field [20] , the Ni 3d orbital is split into the high level x 2 − y 2 , middle levels 3z 2 − r 2 , xy, and the lowest levels yz, xz. However, in La 4 Ni 3 O 8 , the 3d orbitals of Ni1 and Ni2 ions are split into the high level x 2 − y 2 , middle levels of xy, yz, xz, and the lowest level 3z 2 − r 2 . This is because in the layered structure, the energy of the 3z 2 − r 2 orbital is significantly lowered due to the reduced Coulomb repulsion [21] . Both Ni 3d and O 2p cross the Fermi level, with a strong hybridization between them. The fully occupied xy, yz, xz orbitals hybridize weakly with the O 2p orbital and produce narrow bands. The 3z 2 − r 2 orbital forms pdπ bonding with the O 2p orbital because of the absence of apical oxygens. The x 2 − y 2 orbital and O 2p orbital hybridize strongly within layers, producing a broad partially occupied band with a bandwidth of about 3 eV. The Ni 3d band is narrow, which signals a strong correlation effect in La 4 Ni 3 O 8 .
The partial DOS obtained from the GGA + U (U = 5 eV) framework for A-AFM and C-AFM are shown in figure 3 . For A-AFM, the correlation effect enhances the spin polarization ( figure 3(a) ). The majority-spin x 2 − y 2 orbital of Ni1 is partially occupied, while the minority-spin x 2 − y 2 orbital of Ni1 is nearly empty. The other 3d orbitals are completely filled, which suggests that Ni1 ions hold the low-spin state in A-AFM. The correlation effect pushes the occupied xy, yz, xz orbitals downward, and consequently the lower-lying bonding states have a larger 3d characteristic than that within GGA. The 3z 2 − r 2 state is still localized within the energy range from −2.6 to −0.2 eV.
For C-AFM, as shown in figure 3(b) , the Fermi level is located in the gap for both spin channels, exhibiting an insulating feature. The majority-spin 3z 2 − r 2 state is completely occupied, distributing from −6 to −1.5 eV. While the minority-spin 3z 2 − r 2 state is partially occupied, the occupied and unoccupied state are separated by the gap of 0.7 eV. Note that there are two different energy orders of Ni 3d orbitals in two spin channels. In the majority-spin channel, the energy order is consistent with the GGA results, that is high level x 2 − y 2 , middle levels of xy, yz, xz, and the lowest level 3z 2 − r 2 . However, the 3z 2 − r 2 orbital is higher in energy than the xy, yz, xz orbitals in the minority-spin channel, as shown in figure 3(b) . The change of the energy order is related to the electron-electron repulsion. The xy, yz, xz orbitals are much more extended than the 3z 2 − r 2 orbital, which suggests that the former orbitals have a stronger hybridization with the O 2p orbital. Thus, the intra-orbital Coulomb repulsion is weaker in xy, yz, xz than that in the 3z 2 − r 2 . The large Coulomb repulsion leads to the 3z 2 − r 2 orbital higher in energy than the xy, yz, xz orbitals in the minority-spin channel. In addition, the Coulomb repulsion pushes the occupied x 2 − y 2 band down to 1 eV below the Fermi level, and the unoccupied x 2 − y 2 band up to 3.5 eV above the Fermi level. The x 2 − y 2 bands in C-AFM are narrower compared with that in A-AFM, which is reduced by intralayer AFM coupling [21] . The intralayer AFM coupling is mediated by −y 2 orbitals and O p x /p y orbitals [22] .
The trilayer-to-trilayer coupling is very weak, because the NiO 2 trilayers are separated by LaO fluorite blocks and are connected by an (a/2, a/2, c/2) translation, as shown in figure 1 . However, for the Ni2-Ni1-Ni2 triple, the interlayer coupling is very strong due to the partially filled 3z 2 − r 2 orbitals. The Ni2-Ni1-Ni2 triple can be regarded as a molecular unit due to the strong interlayer coupling (see figure 4 ) and the quantum confinement of the NiO 2 trilayers in the structure. The 3z 2 − r 2 orbitals of the NiO 2 trilayers are split into the bonding, non-bonding and antibonding orbitals (molecular rather than atomic orbitals). Figure 5 shows the band structures in the down-spin channel for the A-AFM and C-AFM states, highlighting the 3z 2 − r 2 orbitals of the Ni2 atoms. The Ni1 atoms contribute to bonding and antibonding bands, while the Ni2 atoms contribute to bonding, non-bonding and antibonding bands. For simplicity we only highlight the Ni2. As shown in figure 5(a) , the highlighted band at the bottom of the gap is a non-bonding band, while the other two bands are bonding and antibonding bands. A gap of 0.7 eV is formed between the occupied non-bonding band and the unoccupied antibonding band. The splitting between the bonding band and the antibonding band is about 1.7 eV. However, for the A-AFM state, the splitting between the bonding and antibonding bands is about 1.4 eV, which is smaller than that in the C-AFM state, as shown in figure 5(b) . This suggests that the interlayer coupling is weak in the low-spin case due to the fully filled 3z 2 − r 2 orbitals. Additionally, from figure 5(a), we can see that the bonding and non-bonding bands are very close in energy and are placed around 2.2 eV below the Fermi level, whereas the antibonding band lies about 0.8 eV above the Fermi level.
As discussed above, La 4 Ni 3 O 8 is an AFM insulator in the C-AFM ground state. According to our results, there are probably two factors which are responsible for the insulating behavior of La 4 Ni 3 O 8 . One is strong interlayer coupling owing to partially occupied 3z 2 − r 2 orbitals and the quantum confinement of the NiO 2 trilayers along theẑ direction in the structure. The other is the electronic correlation effect.
To address the origin of the insulating behavior of La 4 Ni 3 O 8 , we consider an extreme case in which the interlayer coupling is totally suppressed. More precisely, we probe an idealized system composed of an isolated NiO 2 layer, fixing the number of electrons in the calculation so as to keep the Ni and O atoms in the ionization states they have in La 4 Ni 3 O 8 . We denote this virtual 2D crystal as ' Ni 1.33+ (O 2− ) 2 + bg', where 'bg' refers to the homogeneous charge-compensating background introduced to stabilize the material. The calculation was carried out in the intralayer AFM state by the GGA+U (U = 5 eV) approach. As shown in figure 6 , the electrons tend to occupy the 3z 2 −r 2 orbital in the absence of interlayer coupling. The partially occupied x 2 − y 2 orbital crosses the Fermi level, exhibiting a metallic feature. This is different from the results of the magnetic ground state. When U is increased to 7 eV, the calculations still give metallic characteristics, which implies that the interlayer coupling is not negligible in determining the low-temperature insulating phase of La 4 Ni 3 O 8 .
Furthermore, we examine the influence of the correlation effect on electronic structures. From table 1, we find that the A-AFM state has the lowest energies, the energies of the FM state are slightly larger than those of the A-AFM state as 0 eV ≤ U < 5 eV. The solutions for the A-AFM and FM states turn out to be metallic, which disagrees with the experimental insulating behavior. For 5 eV ≤ U ≤ 6 eV, the La 4 Ni 3 O 8 is stabilized in the C-AFM state and exhibits insulating features. The lowest-energy state is a function of U, and the relative stability of the C-AFM is enhanced with an increase of U. This is because electronic correlation effects can influence the energy order of Ni 3d orbitals. The minority-spin 3z 2 − r 2 orbital is raised with an increase of U, leading to the stabilization of the high-spin C-AFM state. The fact that the magnetic interaction of Ni-Ni depends on the Hubbard parameter U implies that the electronic correlation effect is important to the low-temperature insulating nature of La 4 Ni 3 O 8 . From the above analyses, it is concluded that The result with C-AFM staying as the magnetic ground state is consistent with that obtained by Pardo et al [11] . However, the ground state was reported as FM or A-AFM in [13] . The discrepancy comes from the difference between the pseudopotential method used in [13] and the full-electron method in the present work and [11] . The full-electron treatment is more accurate when dealing with severely oscillating wave functions like the 3d orbital of Ni.
Conclusions
In summary, the magnetic properties and electronic structure of La 4 Ni 3 O 8 by first-principles calculations indicate that the C-AFM is the magnetic ground state with the Ni ions in the high-spin state. According to our results, La 4 Ni 3 O 8 is a molecular correlated insulator, where the Ni2-Ni1-Ni2 triple can be regarded as a molecular unit due to the strong interlayer coupling and the quantum confinement of the NiO 2 trilayers in the structure. This insulating state with molecular origin is caused by an electronic correlation effect and the strong interlayer coupling. Such strong interlayer coupling results from the high-spin occupation of Ni ions.
